Abstract-This paper reports on the ionizing radiation effects in lead-zirconate-titanate (PZT) with varied top electrode material and bias condition during radiation. A technique to characterize the piezoelectric performance of films unclamped from the substrate is described, and used to demonstrate the effects of radiation on the material's electromechanical behavior. Both platinum and iridium oxide top electrodes were examined, and iridium oxide appears to significantly mitigate radiation-induced damage that is observed in platinum top electrode samples. This mitigation of radiation damage is attributed to the reduced number of oxygen vacancies within the PZT films when an iridium oxide top electrode is used. Devices with applied bias during radiation were compared with devices under applied bias only. Applied bias appears to slightly enhance the electromechanical response in the negative bias polarity for irradiated platinum electrode samples suggesting that the bias can cause defects to orient and therefore improve electromechanical response. Ultimately, iridium oxide top electrodes appear to mitigate radiation damage.
I. INTRODUCTION
L EAD-ZIRCONATE-TITANATE (PZT) thin films are promising for use in a variety of piezoelectric microsystems such as radio frequency switches [1] - [4] , radio frequency filters [5] - [10] , mechanical logic [11] - [14] , and tunable electrical passives [15] - [18] , however, more is known about the effects of radiation on the ferroelectric properties of these films than is known about the radiation effects on their piezoelectric properties. Previous studies of PZT microsystems have shown effects on electrical performance [19] - [27] , or ferroelectric memory performance [28] . These studies suggest that ionizing radiation degrades performance of the PZT films by creating charge carriers that can subsequently become trapping charges at anion or cation vacancies [19] . These trapped charges then pin domain walls, preventing domain wall motion, which is a major source for large electromechanical response in PZT thin films [29] , [30] . A potentially compounding problem is in PZT films with Pt electrodes where oxygen vacancies in the PZT film have a tendency to pile up at the electrode interface [31] - [33] . An alternative is the use of iridium oxide electrodes, which have been used in ferroelectric memory applications to improve cycle lifetime (i.e., reduce ferroelectric fatigue) by allowing oxygen vacancies to migrate across the PZT-electrode interface and reduce domain wall pinning [31] - [33] . While much has been reported regarding the effects of radiation on the electrical and ferroelectric behavior of thin-film PZT, the radiation effects on the piezoelectric performance of PZT in microelectromechanical systems (MEMS) have not been directly addressed. Specifically, the effect of radiation on the piezoelectric performance of thin-films released from the substrate (as is usually the case for piezoelectric MEMS) has not been studied in detail. This is important because released films are known to exhibit different characteristics compared to clamped films due to strain relief and decreased pinning of domain wall motion. To address this gap, released PZT MEMS cantilevers have been fabricated, irradiated, and characterized. The test die is shown in Fig. 1 , with a cut out highlighting the released cantilevered device. Devices were fabricated with either Pt top electrode or IrO 2 top electrode to determine the effect of oxide electrodes on the piezoelectric performance of these devices under radiation.
Of particular interest is the potential for low-power PZT mechanical logic [11] - [14] to function as a radiation hardened logic element or power gating element in electronic systems. Proie et al. [34] showed that large radiation dose degrades performance of the piezoelectric films through in situ testing of a mechanical logic element during exposure to gamma radiation. Because the PZT mechanical logic device operates by controlling a physical gap, ionizing effects are not as problematic as in silicon systems. The PZT mechanical logic device uses the converse piezoelectric effect of the PZT to bend a cantilever out-of-plane to close an electrical contact, illustrated in Fig. 2 . The effects of radiation on the electromechanical properties of the PZT film are therefore essential for understanding and improving the radiation resiliency of these sorts of piezoelectric MEMS devices.
In addition to studying the effects of ionizing radiation on released MEMS cantilevers, the effect of bias during radiation Micrograph of the test die with PZT thin-film MEMS released cantilevered beams for testing the effects of radiation on piezoelectric performance. Potential sources of ionizing radiation damage in piezoelectric mechanical logic. Of specific interest is the effect of radiation on the piezoelectric properties of the device actuator.
is also examined. By applying a dc bias voltage to the irradiated parts, the defect dipole complexes can be oriented, potentially mitigating the ionizing radiation effects. The dc bias also strains the lattice and drives domain reorientation, limiting the impact of subsequent domain wall motion on properties.
This paper details the effects of ionizing radiation on the electromechanical properties of thin-film PZT. Specific methods for fabrication, testing, and characterization are described. The radiation effects in these films are examined for both platinum and iridium oxide top electrodes, varied bias condition, and varied radiation dose.
II. FABRICATION
In order to determine how radiation affects the mechanical behavior of PZT MEMS devices, a set of cantilevers, as shown in Fig. 1 , were produced using microfabrication in the Specialty Electronic Materials and Sensors Cleanroom Facility at the Army Research Laboratory. The process starts with deposition of the PZT and electrode stack, Fig. 3(a) . To begin, a stress-compensating SiO 2 /Si 3 N 4 multilayer stack was deposited via plasma-enhanced chemical vapor deposition, annealed at 700°C in flowing N 2 , and polished to 3 μm in thickness using chemical mechanical polishing from Axus Technology (Chandler, AZ, USA). This composite serves as the elastic layer in the unimorph structure. Titanium is sputtered with a thickness of 30 nm and oxidized to create a template for a (111) textured platinum electrode with a thickness of 100 nm [35] . The oriented platinum forms a templating layer for a 1000-nm-thick chemicalsolution deposited (001) textured PZT film with a Zr/Ti ratio of 52/48 [36] . On one wafer, a 50-nm-thick platinum top electrode is sputter deposited. On the second wafer, a 50-nmthick iridium oxide electrode is sputter deposited and furnace annealed in oxygen at 650°C.
With the actuator stack deposited, the stack is patterned using argon ion milling [ Fig. 3(b) ]. The top electrode is etched first, followed by the PZT using a second argon ion milling process step. Access to the bottom electrode is achieved by a third ion mill and a PZT wet-etch using a combination of HCl:HF:H 2 O (120:1:240). The wafers are annealed at 500°C in an oxygen environment to mitigate any hydrogen damage arising from the ion milling steps. With the actuator This gold layer is used for contact pads for wirebonding and electrical probe testing. The elastic layer is patterned next by reactive ion etching the silicon dioxide/silicon nitride composite to define the device outline and open access to the silicon for release, Fig. 3 (e). Next, a sacrificial resist layer is deposited across the device edge to enable a 2000-nmthick gold layer deposited via electron beam evaporation to bridge from the bond pads to the Pt or IrO 2 electrodes without shorting each of the transducer electrodes. After the gold bridging layer is patterned via a liftoff, the sacrificial resist layer is removed with an oxygen plasma and the wafer is then exposed to XeF 2 , which isotropically etches the underlying silicon, releasing the device, Fig. 3(f) . Once released, the wafer is shipped to Accretech America (Fremont, CA, USA) for dicing using Mahoh dicing and upon receipt individual die are placed in dual inline packages and wirebonded.
The PZT (52/48) thickness for the two samples was 1005-and 974-nm-thick for samples with IrO 2 and Pt, respectively. The films showed (111) crystallographic texturing, though the IrO 2 electroded sample showed more random orientation with a small amount of (001) texture present due to sample variability, as shown in Fig. 4(a) and (c) for Pt and IrO 2 electroded samples, respectively. The composition of the films throughout the thickness was determined through time-offlight secondary ion mass spectrometry (ToF-SIMS), as shown in Fig. 4(b) and (d). These plots show slight changes in the Zr/Ti ratio, with evidence of small Zr/Ti gradients located at crystallization steps during chemical-solution deposition, due to lead-titanate preferentially nucleating at the surface.
III. CHARACTERIZATION METHODOLOGY
Numerous techniques exist to examine the electromechanical response of piezoelectric materials [37] - [39] ; however, many of these characterization methods do not allow for the characterization of unclamped devices with bias. Bias characterization is especially important for actuators driven at high fields, since the high-field properties have significant influence on the ultimate response. Furthermore, the response of released devices differs drastically from the response of devices still clamped to the thick, stiff substrate. In order to properly characterize the piezoelectric response of these films, a cantilever deflection technique is used. This technique utilizes a Polytec MSV 300 laser Doppler vibrometer (LDV) and allows for characterization of the unclamped actuator response at high fields, and provides direct insight to the performance of the ultimate device. The vibrometer measures the vertical deflection of the cantilever at a single point under a varied applied electric field across the piezoelectric film. The output of this measurement, however, is the deflection of the cantilever at the tested point-an extrinsic measure that is affected by test conditions, numerous design parameters, and material properties as well as the fundamental material parameter. In order to compare materials it is helpful to extract an intrinsic material property. In this case, the most appropriate is to determine the free strain of the piezoelectric material. The calculated free strain of the piezoelectric s p is a useful metric that allows for consistent comparison of devices despite varying length scales, material properties of the actuator stack, and layer thicknesses between wafers. This free strain can then be used to predict performance of vertical actuators with different material stacks and geometries. Equation (1) represents the cantilever deflection z as a function of the piezoelectric induced moment M the length along the beam at which the displacement measurement is taken, L, and the composite elastic modulus and second moment of area Y composite and I composite , respectively
The actuator layer stack, illustrated in Fig. 5 , was used for the calculation of these composite quantities according to the layer thickness and Young's moduli listed in Table I . The elastic layer is a 17-layer stack of SiO 2 /Si 3 N 4 , where only the total thickness within the stack is listed in Table I . The applied moment M is determined from the force of the piezoelectric component offset from the neutral axis. If the neutral axis offset and piezoelectric force, derived from the piezoelectric constitutive equation, are substituted into (1), then the cantilever deflection can be described in the following equation:
Here, s p , Y p , t p , represent the free strain, elastic modulus, and thickness of the piezoelectric layer, w represents the width of the cantilever, and y offset is the vertical distance from the center of the piezoelectric layer to the neutral axis of the beam-together representing the piezoelectric induced moment. Rearranging (1) above, the free strain of the PZT s p can be determined as expressed in the following equation:
With this intrinsic material property, it is possible to consistently compare piezoelectric materials despite varying length scales, mechanical properties of the materials in the actuator stack, and layer thicknesses between wafers. This extracted free strain, however, assumes an initial state, which is arbitrarily taken as the zero voltage level during the positive voltage sweep for consistency.
Several assumptions are made regarding the physical makeup of the cantilever stack, especially for determining the composite properties and neutral axis offset. First, it is assumed that the conformal atomic layer deposited Al 2 O 3 /HfO 2 adds stiffness only along the top of the actuator because the thickness of the ALD layer (75 nm) is negligible compared to the actuator width (30 μm). However, the lateral offsets in the layer structures shown in Fig. 5 are included in composite calculations. Second, it is assumed that the elastic properties of the PZT are constant despite varying degrees of imprint which can have a small effect on the elastic moduli. Finally, it is assumed that the IrO 2 top electrodes have elastic properties close to that derived from first principles calculations [41] . The Young's modulus and thicknesses are described in Table I .
In order to determine the free strain of the PZT s p the devices were operated under bipolar voltage sweeps from −10 to 10 V, and the cantilever tip displacement was measured using LDV. Once these devices are characterized, the samples were wirebonded in a dual inline package for radiation testing at the US Naval Research Laboratory. The dual inline packaged parts were inserted into a breakout board which was loaded into a canister. A ribbon cable connected the devices in the canister to the source meters outside of the radiation tank. The dc bias (−20, 0, or +20 V) was applied to the top electrode of the devices, and the canister was lowered into the water tank containing the 60 Co source. This bias voltage, which exceeds the coercive voltage of the films, causes poling in the material. Once the total ionizing dose (TID) is reached, the devices are removed from radiation and the bias is removed. The devices were postcharacterized and tested using LDV in order to compare the effects of radiation on the free strain of the PZT.
IV. RESULTS AND DISCUSSION
To better understand the effects of radiation on the electromechanical response of the PZT films after radiation exposure, the free strain as a function of applied field can be plotted for various conditions and compared. Fig. 6 contains representative plots of free strain (with the sweep-up strain at 0 V normalized to zero) as a function of applied voltage for the −200-kV/cm biased devices. Fig. 6(a) shows that the piezoelectric response of the Pt-capped PZT is significantly affected by radiation as measured one day after radiation. Comparing the baseline response to one day after 2.5-Mrad (Si) TID, substantial degradation is shown for the film under positive bias fields with the peak positive-field strain dropping 24% and a doubling of the coercive field, while the film under a negative bias field shows a dramatic increase in free strain. The changes in peak strain are in part related to the shift in the coercive fields. Specifically, the lateral shifts in the coercive fields mean that differences between the coercive field and maximum field will be different depending on polarity. After a week, the positive-field strain is further reduced and the negative-field strain is increased. These changes in the piezoelectric response of the PZT film remain in the device, and the response shows significant change over time, on timescales of days.
Related to the loop shift described above, the crossing point of the sweep-up and sweep-down curves shifts positively after radiation. This suggests that the imprint in the film is decreasing over time despite the fact that a large bias was applied to the film for the entire testing period.
In contrast to the piezoelectric response of the Pt-capped PZT, Fig. 6(b) shows that the IrO 2 -capped PZT exhibits a more symmetric bipolar response and a much higher baseline normalized free strain. After radiation, the piezoelectric properties are much less affected (∼12% drop in peak positivefield strain). The symmetry of the response can be seen in both the close matching of the strain under positive and negative fields, as well as the sweep-up/sweep-down crossing occurring close to zero implying that little imprint is present. The strain response remains fairly symmetric, with 21% change in the positive coercive voltage and 12% change in the peak strain at positive fields, and 6.1% change in the negative coercive voltage and 21% change in the peak strain at negative fields. Comparing the strain response between the two top electrode sets, the relatively small effect of radiation on the IrO 2 sample is apparent. Furthermore, little change is observed in the piezoelectric response of the IrO 2 -capped PZT over time, which was not the case for the PZT films with platinum top electrodes.
As described above, applying a bias field above the coercive field for extended periods of time can cause a shift in imprint and can affect the electromechanical response in ferroelectric materials. To discriminate between the effects of radiation and the effects of poling, samples from the same wafers were held at bias fields for identical times without radiation. The electromechanical response was measured and is shown in Fig. 7(a) and (b) , for Pt-capped and IrO 2 -capped PZT, respectively. Aspects in Fig. 7 (not exposed to radiation) show some similarities to Fig. 6 (exposed to radiation) , yet there are a few unique features. For poling alone, the peak strain at positive field of the platinum electrode sample shows a 25% reduction, while the peak strain at negative-field drops by 20% with a 16% decrease in coercive field. When compared to the Table II ), the 24% reduction at positive field and 38% increase at negative field suggest that radiation played a significant role in modifying the electromechanical properties. As these samples were biased with negative field, the bias field may have oriented the charged defects during radiation, causing an enhanced piezoelectric response at negative bias voltages.
Iridium-oxide electrode samples show fewer changes when comparing irradiation at 2.5 Mrad (Si) with only poling the device. For poling alone, changes in peak strain of 4.6% and 5.8% at positive and negative fields, respectively, differs slightly compared to the irradiated sample. Since irradiation with bias degrades the response slightly more than simply poling the film, it can be concluded that irradiation has a small effect on the PZT films with IrO 2 top electrodes. Coercive field changes also differ slightly. These small deviations between biased and irradiated biased samples with IrO 2 top electrode suggests that oxygen vacancy migration has reduced the number of ionizing sites, and thus mitigated the defect-orienting effects of bias combined with radiation.
Larger TID, over 30 Mrad (Si), was also investigated in an attempt to produce more dramatic radiation-induced changes in the piezoelectric response of the films. While the samples in the 2.5-Mrad (Si) exposure were negatively biased during radiation exposure, the samples in this case were held at 0 V because time-dependent dielectric breakdown of the PZT prevented applying large bias for the entire duration of the exposure. Similar to the 2.5-Mrad (Si) TID samples, Fig. 8(a) and (b) show the normalized strain response as a function of applied field for the Pt-capped PZT and IrO 2 -capped PZT, respectively. Fig. 8(a) shows the electromechanical response of the Pt-capped PZT, shows the large degradation of the response under positive field, as the postradiation peak positive-field strain is less than 31% of the original baseline response. While the magnitude of response under negative field remained fairly constant, the coercive fields have shifted significantly in the postradiation loops suggesting that the larger strains at negative-field are partially related to a change in imprint. Any changes in imprint characteristics, however, are not related to biasing as these devices were held at 0 V.
The normalized free strain of the IrO 2 -capped PZT, Fig. 8(b) , also showed additional degradation under the larger radiation dose, however, not nearly as significant as the Pt-capped PZT. In the IrO 2 -capped PZT, the peak positivefield strain decreased by 35% and the peak negative-field strain decreased by 23%. As with the 2.5-Mrad (Si) exposure, there is little change in coercive voltages and no observable change over time in the electromechanical response for the IrO 2 capped samples.
The large discrepancy between the Pt-capped devices and IrO 2 -capped devices shows that the IrO 2 top electrode provides a dramatic increase in radiation resiliency. This supports the conclusions from [19] that IrO 2 top electrodes appear to increase the radiation resiliency of the dielectric and ferroelectric properties in PZT films. From previous reports, IrO 2 top electrodes allow migration of oxygen vacancies in the PZT unit cell across the PZT/electrode interface, removing the vacancy from the PZT film [31] - [33] . By enabling migration of oxygen vacancies of the PZT thin film, domain walls become less pinned and larger strain can be achieved from devices with IrO 2 top electrodes. This decrease in domain wall pinning can aid in explaining the larger baseline response in the two device sets. Further, it explains the radiation resiliency of the iridium oxide electroded samples to gamma radiation. By effectively reducing the concentration of oxygen vacancies in the PZT film, there are fewer oxygen vacancies to trap gamma radiation created charge carriers. Since few displacement events are expected from the gamma irradiation, ionization effects should dominate the response. Because these ionized vacancies deepen the potential wells governing domain wall motion, the result is decreased domain wall motion, and thus electromechanical response, after irradiation.
Also of interest is the change in response over time after irradiation. While samples with IrO 2 top electrodes did not show any dramatic change in response as a function of time, the samples with Pt top electrodes showed significant variation. This time-dependent radiation response can be significant for device design, because drifting properties can lead to delayed failure of component systems that appeared functional immediately after the radiation event.
V. CONCLUSION
By understanding the effect of radiation on free strain, it is possible to better understand potential radiation-induced failure mechanisms in thin-film PZT MEMS. From the results presented, it can be concluded that oxide electrodes provide significant benefits for PZT microsystems, and increases radiation resiliency of PZT. This is achieved by allowing for oxygen vacancy migration across the PZT/electrode interface, thus reducing ionization sites which when activated can pin domain wall motion and reduce piezoelectric coefficients. Bias during irradiation, also appears to have an effect on piezoelectric performance, especially when coupled with Pt electrodes. Overall, PZT-based piezoelectric MEMS, especially with oxide electrodes appear to be fairly resilient to radiation even up to 30-Mrad (Si) TID. More work needs to be done to better understand the rate of degradation due to radiation, especially comparing clamped and released PZT films. 
